Background
The central metabolic pathways of many biological systems with industrial interest are currently known. Knowledge of intracellular fluxes is crucial to understand cell metabolism. Bioreactor dynamic optimisation schemes could profit from the incorporation of this knowledge [1, 2] . A number of methods have been developed to study the structure of biochemical networks. The elementary flux modes (EFMs) method is particularly attractive since it allows to reduce network complexity to a minimal set of reactions [3] .
In previous studies [4] , a bioprocess batch-to-batch optimisation scheme supported by a hybrid model was developed and applied to the optimization of a BHK culture expressing the fusion glycoprotein IgG1-IL2. The main contribution of the present study is to improve the previous method by incorporating the knowledge of the metabolic network. The incorporation of the metabolic network in the form of EFMs, may increase the generalization properties of the model and may thus contribute to the increase of the rate of success of the optimization method.
Results
The proposed methodology is based on the premise that the biological system under consideration is only partially known in a mechanistic sense. Following this principle, a hybrid parametric/nonparametric representation of the biological system was adopted to support a batch-tobatch optimization scheme (Figure 1 ).
In the first step, the metabolic network structure of the biological system under study is analyzed using the elementary flux modes technique. Elementary flux modes are the simplest paths within a network that connect substrates with end-products [3] , thus they define the minimum set of n species that must be considered for modelling and how they are connected in a simplified reaction mechanism. The EFM analysis of a given biosystem results in m elementary flux modes and the corresponding n × m stoichiometric matrix K, with n the number of compounds that must be considered for modelling. The BHK metabolic network analyzed in this work considers the most relevant pathways involving the two main nutrients (glucose and glutamine) within the central metabolism of BHK cells. The FluxAnalyzer software [3] was used to determine the EFMs of BHK metabolic network. There are seven EFMs describing the BHK metabolic network. Assuming the balanced growth condition it is possible to eliminate the intermediate metabolites from each EFM resulting in a set of simplified reactions connecting extracellular substrates (glucose and glutamine) with end-products (lactate, ammonia, alanine, carbon dioxide, purine and pyrimidine). Furthermore, some assumptions concerning the fluxes were made based on literature, resulting in five EFMs. The following stoichiometric matrix was obtained <supplement> <title> <p>The 4th Recombinant Protein Production Meeting: a comparative view on host physiology</p> </title> <sponsor> <note>The organisers would like to thank Novozymes Delta Ltd who generously supported the meeting.</note> </sponsor> <note>Meeting abstracts -A single PDF containing all abstracts in this supplement is available <a href="http://www.biomedcentral.com/content/files/pdf/1475-2859-5-S1-full.pdf">here</a></note> <url>http://www.biomedcentral.com/content/pdf/1475-2859-5-S1-info.pdf</url> </supplement> Note that K also accounts for cell growth and product formation as completely independent fluxes since the stoichiometry of theses reactions is not accurately known.
The state space vector is formed by the n concentrations of compounds of the final reactions set and additionally, the concentrations of viable cells, X v , and product, IgG:
Once a reaction mechanism has been established using the EFM method, the next step is the identification of the EFM kinetics from data. Here we adopted a hybrid parametric/nonparametric model structure assuming that that reaction kinetics of EFM are partially known or even completely unknown. This model structure can be formulated mathematically by the following two equations [4] : 
For the system under study the vector of known kinetic functions is given by: (4) whereas the vector of unknown kinetics is given by: Off-line measurements of the seven state variables from five experiments were used for model training and validation. The neural network had three inputs: glucose and glutamine, the main limiting nutrients, and ammonia, the main toxic by-product. The output vector was formed by the seven unknown specific kinetics: μ-k d , r 1 , r 2 , r 3 , r 4 , r 5 , r IgG . The criterion to stop the training was the minimum modelling error of the validation data set. The best result was obtained with five hidden nodes. Figure 2 presents the hybrid modelling results for one of the training and one of the validation data sets. A relevant result is the fact that the hybrid model was able to describe simultaneously all five batches with high accuracy. 
Optimisation results
With the hybrid model just developed, the process performance (described as the glycoprotein quantity at the end of the bioreaction) is optimized with respect to control inputs F Glc and F Gln , using a micro-genetic algorithm [5] The optimization (8) is constrained by the hybrid dynamical model and by the risk of ANN inputs being outside the trust region. The optimisation results are presented in Figure 3 showing the optimal trajectories of viable cells, glucose, glutamine and product concentrations. The final product titre is 25 mg/l representing a 67% improvement of performance obtained in the fed-batch experiments so far.
According to the iterative batch-to-batch optimisation scheme shown in Fig. 1 , the next step is to perform a new experiment to validate this optimization results. If measured data and predicted optimal process trajectories deviate considerably, additional iterations are performed until convergence of model and process performance is achieved.
Conclusion
A bioinformatic tool was developed that integrates classical optimal control and elementary flux analysis tools. A hybrid parametric/nonparametric modelling framework was adopted that does not require detailed knowledge of intracellular kinetics. A dynamic optimisation method is employed constrained by the risk of nonparametric components unreliability. The method was applied to a recombinant BHK-21 cell line expressing the fusion glycoprotein IgG2-IL1. The final hybrid model was then used to optimise conditions that favour product formation showing that high productivity increments are likely for the process at hand. 
